Eggs and egg-containing foods contaminated with bacterial human pathogens have been implicated in numerous foodhorne outbreaks leading to costly recalls. Research was undertaken to investigate the use of high pressure-pulse treatment to inactivate Salmonella Enteritidis inoculated in liquid egg. Liquid egg was inoculated with Salmonella Enteritidis (8.0 log colony-forming units [CFU]/mL) and exposed to hydrostatic pressures (300-400 MPa) and pressure (350 MPa) pulsing at 25 C, 40C, and 50 C for up to 40 minutes to determine the maximum allowable pressure that can inactivate the Salmonella with minimal injury. Pressure treatments (350 and 400 MPa) at 25C for up to 40 minutes reduced the population of Salmonella Enteritidis by approximately 4.8 and 6.0 logo CFU/mL, respectively. High pressure (350 MPa) treatment at 50C and 2-minute pulses at four cycles for a total of 11.4 minutes, including the come-up and come-down times, led to a significant (17<0.05) inactivation of Salmonella Enteritidis in liquid egg without causing coagulation. However coagulation occurred in the liquid egg at 400 MPa pressure treatment for 10 minutes at 50 C. No Salmonella population was recovered in this liquid egg stored at 4 C, 25C, and 37 C for 24 hours suggesting that 350 MPa hydrostatic pressure and pulsing treatment is a better alternative for inactivation of Salmonella in liquid egg than continuous pressure treatment.
Introduction
M ICROBIAL CONTAMINATION OF EGGS as well as its economic implications for the poultry industry have been reported (Bruce and Drysdal, 1994; Wong and Kitts, 2003) . Liquid egg, homogenized as whole egg or separated into white and yolk, is used as an ingredient in a wide variety of processed products including bakery products, confectionary products, drinks, infant products, dressings, and noodles (ICMSF, 1998) . Besides water, protein and lipid are major components of liquid egg that can support microbial growth at inappropriate storage temperature and also are very sensitive to heat treatment. In recent years, Salmonella in eggs has emerged as a major concern for public health agencies, and the risk of illness is greater when the egg is used as an ingredient in a food rather than when consumed as a single egg (Todd, 2001) .
Salmonella is the most frequently reported cause of foodborne outbreaks of gastroenteritis in the United States (CDC, 2003 (CDC, , 2004 . Diseases caused by Salmonella (salmonellosis) have been steadily increasing as a public health problem in the United States since reporting began in 1943 (Tauxe, 1991) . Iloji Sangyo Co. Ltd., Mito-shi, Iharaki, Japan.
BARI ET AL.
egg-breaking plants in the United States found 6_20% of unpasteurized liquid-egg samples contained Salmonella Enteritidis (Mason, 1994) , and unpasteurized liquid-egg products have been implicated as sources of infection (Braden, 2006; Todd, 2001) . Recently, an increase in the incidences of human food poisoning caused by Salmonella Enteritidis was reported in Europe and the United States (CDC, 2003 (CDC, , 2004 Fisher, 2004; Schroeder et al., 2005) . However, pasteurized egg products have not been involved in any egg-associated outbreaks of gastroenteritis (Schroeder et al., 2005) . The reason may be attributed to the fact that the United States Department of Agriculture (USDA) requires liquid egg to be heated at 60'C and held for no less than 3.5 minutes to achieve more than 3.0 login colony-forming units (CFU)/mL reduction of Salmonella (ICMSF, 1998) . This thermal pasteurization of liquid egg in most cases leads to protein denaturation and coagulation (Chef tel, 1995; Tewari et al., 1999) thereby affecting the liquid egg consistency. Because of the high-energy demands involved with thermal pasteurization, other nonthermal processing technologies that can achieve similar microbial reduction in liquid eggs artificially inoculated with bacterial human pathogens are needed. The use of high hydrostatic pressure at low pH has been shown to inactivate Eschericliia coli 0157:H7 and salmonellae in fruit juices and other fruit products (Alex et al., 2001; Bayndrl et al., 2004; Jordan et al., 2001; Linton et al., 1999) . Garcia-Graells et al. (1998) reported a 5.0 login CFU/mL decrease in the population of the high pressure-resistant mutants of E. coli in apple juice (pH 3.3) after 15 minutes of 300 MPa treatment at 20 CC. When treated at 550 MPa at ambient temperature (20C) for 5 minutes, a 6.0 'o gio CFU/mL inactivation of E. coli 0157:H7 in orange juice (pH 3.9) was observed (Linton et al., 1999) . Information on the use of this technology for liquid foods with higher pH values is limited. Therefore, the aim of this study was to determine the appropriate pressure treatment for inactivating Salmonella Enteritidis inoculated in liquid egg. Also the effect of how the pressure was applied (pressure pulsing) at a constant temperature was investigated and compared to continuous pressure treatment.
Materials and Methods

Test strains and preparation of inocula
Salmonella Enteritidis, strains SE-1, SE-3, and SE-4 (isolated from chicken feces) and SE-2 (isolated from bovine feces) were used in this study. All cell cultures were obtained from Dr. Nakazawa Muneo of National Institute of Animal Health, Tsukuba, Japan. Salmonella strains were prepared individually in typticase soy broth (Difco/BBL, Sparks, MD) with incubation at 37C for 18 hours. Overnight cell suspensions were centrifuged at 3000 g, 10 minutes, at room temperature (20 Q. The cell pellets were washed with equal volume (100 mL) of sterile phosphate-buffered saline (PBS, pH 7.2, Difco/ BBL) solution. Finally, the washed cells were resuspended in PBS and used as the inoculum. The irioculum was maintained at 4 C for up to 1 hour until used to inoculate the liquid egg.
Preparation of liquid egg and inoculation with Salmonella Enteritidis
Fresh eggs from Ifuji Sangyou Co. Ltd. (Ibaraki, Japan) were used in this study. Each egg was sanitized with 70% ethanol and then washed with sterile tap water for a minute. The sanitized eggs were allowed to air dry in a laminar airflow biological cabinet, were aseptically broken, transferred into sterile stomacher bag (ELMEX Co. Ltd., Tokyo, Japan), and homogenized for 1 minute in a stomacher (model CE-97, ILU Instrument, Barcelona, Spain). Cell suspensions of Salmonella Enteritidis inoculum were inoculated (1 mL) into each liquid egg sample (9 mL) to achieve a final concentration of 8.0 log 10 CFU/mL. Two milliliters of the inoculated liquid eggs was then dispensed into individual sterile plastic bags (5.0 by 8.0 cm) (Meiwa Packers Co. Ltd., Nagoya, Japan) and the bags were aseptically sealed using a heat-sealer (Model NL-201J; Ishizaki Denki Seisakusho, Osaka, Japan). Individual plastic bag containing the contaminated liquid egg was doublebagged (7.0 by 10.0 cm) and sealed to prevent leakage of the contents into the treatment chamber during high-pressure treatment. All individually sealed plastic packages were kept at 4 C prior to high pressure processing (HPP) treatment. A batch hydrostatic pressurization unit (HYPREX R7K-3-15, Yamamoto Suiatsu Kogyosho Co. Ltd., Osaka, Japan) capable of operating up to 700 MPa with temperature range from 0 C to 70'C was used in this study. The pressure chamber (3-cm internal diameter by 15-cm length) was filled with water. Pressurization come-up and come-down times recorded for this study was 45 and 6 seconds, respectively. The inoculated/uninoculated samples in plastic bags placed in the treatmentchamber at ambient temperature and or were raised to 40C and 5ftC, respectively.
High-pressure treatment of inoculated liquid eggs
Liquid egg samples were pressurized at 300, 350, and 400 MPa at 25CC, 40CC, or 50 C for up to 40 minutes. Also, the effect of 350 MPa pressurepulse treatment with 2, 5, and 10 minutes for four times at 25 CC, 40 C, or 50C on survival, injury and/or inactivation of the pathogen in liquid egg was investigated. The come-up and come-down pressure times for these treatments was 45 and 6 seconds, respectively. Plastic bags containing the treated samples were removed immediately after pressurization, cooled in an ice bath, and stored at 4C for 2 hours before enumeration of CFU on selective and nonselective agar.
Enumeration of viable Salmonella Enteritidis
To monitor sublethal injury resulting from the HPP treatment, a differential plating methods on nonselective and selective media was used, and the difference in viable populations enumerated on selective versus nonselective media was considered as injured cells. High pressuretreated and untreated liquid egg inoculated with Salmonella Enteritidis were serially diluted in buffered peptone water (pH 7.0, Difco/BBL) and plated onto bismuth sulfite agar (BSA, Difco) (selective agar) and tryptose soy agar (TSA, Nissui) (nonselective agar). Also, the number of CFU on nonselective and selective agar media was used to calculate the viability loss which is defined as the differences in log CFU/mL of bacteria between control and pressurized samples (Linton et al., 1999) . Unpressurized inoculated liquid eggs were used as positive controls for each experiment, and uninoculated pressurized liquid eggs were used as the negative controls. All agar plates were incubated at 37C for 48 hours.
Statistical analyses
All experiments were done in triplicate with duplicate samples being analyzed at each sampling time. Data were subjected to analysis of variance (ANOVA) using Microsoft (Redmond, WA) Excel program. Significant differences in plate count data were established by least significant difference at the 5 0% level of significance.
Results and Discussion
Determination of Salmonella Enteritidis strain sensitivity to HPP treatment
In order to determine the sensitivity of Salmonella Enteritidis strains to HPP, four strains as stated in the Materials and Methods section were inoculated in PBS (pH 7.2) at 108 CFU/mL and then treated at a pressure of 400 MPa at 25 C for 10 minutes; the results are shown in Table 1 .
The results of this study showed that strains of Salmonella SE-2 and SE-3 were the most sensitive strain to 400 MPa (25'-, C) pressure treatments for 10 minutes while strains SEA and SE-4 were the least sensitive. A 8.0 and 7.0 logjo CFU/mL reduction for strain SE-2 and SE-3, respectively, was achieved, while strains SEA and SE-4 were reduced by 5.0 and 4.0 log10 CFU/mL, respectively. Therefore, strain SE-4 which appeared to be the least sensitive strain for all Salmonella tested was used in our subsequent studies to investigate the efficacy of HHP treatment for the inactivation, survival, and injury of this pathogen in liquid egg.
The result of HPP treatment of liquid egg inoculated with Salmonella Enteritidis is shown in Table 2 . Pressure treatment of Salmonella Enteritidis in liquid eggs at 300 and 350 MPa resulted to a population reduction of 4.0 and 4.8 log 10 CFU/mL, respectively, and at 400 MPa pressure, a 6.0 log reduction was observed. Patterson et al. (1995) Typhimurium NCTC 74, Salmonella Enteritidis, Staphylococcus aureus NCTC 10652, Listeria monocytogenes, E. coIl 0157:1-17) in buffer (pH 7.0), ultra-heat treatment (UHT) milk, and poultry meat treated to high pressures up to 700 MPa at 20C, and reported a 5.0 logic CFU/mL reduction in population for all classes of the bacteria tested. In our earlier studies, we reported similar variation in survival of E. call 0157:H7 strains in phosphate buffer and tomato juice treated with high-pressure treatment (Bari et al., 2007) . In this treatment, we observed that a 350 MPa pressure-pulse treatments for a total of 30 minutes was enough to achieve a 5.0 log reduction of E. coli 0157:H7 strains in tomato juice with no recovery of the pathogen in HPPtreated samples after storage up to 24 hours.
Inactivation versus injury
The results of HPP treatment and the use of selective and nonselective media for the recovery of injured and surviving Salmonella Enteritidis strains in treated liquid egg showed no significant variation in populations recovered (Fig. 1) . The populations of Salmonella that survived in liquid egg treated at 350 MPa pressure Highest inactivation of Salmonella Enteritidis in the liquid egg was observed at 50 C which resulted to a 6.0 log CFU/mL reduction (Fig. 2) . It has been reported that a high-pressure processing at moderate temperature could retain product functionality and maximize microbial inactivation (Lee et al., 2003; Ponce et al., 1999; Tewari et al., 1999) . Since liquid egg is a sensitive product, we therefore hypothesized that a lower HPP treatment at 25C to 50C with pressure pulsing might be appropriate for microbial reduction without causing coagulation. Therefore a pressure of 350 MPa was determined and confirmed to be the optimum pressure treatment that can achieve significant microbial reduction with no or minimal coagulation of liquid whole 179 egg (data not shown). The 350 MPa pressure treatments were repeated at 25 C to 50 C for 10 minutes and results showed no coagulation of liquid whole egg. Again the microbial population recovered on BSA after 350 MPa pressure treatments of liquid egg samples at 40C for 40 minutes was lower than the numbers on TSA. High pressure 350 MPa treatment at 25 C for 10 to 20 minutes treatment time did not result in significant (p > 0.05) log reduction of Salmonella Enteritidis. But when temperature was increased from 25-C to 40 C, a significant (1)<0.05) log reduction in the populations of Salmonella Enteritidis recovered from the liquid egg was determined and the surviving populations on TSA was 1.0 log CFU/mL higher than the populations recovered on BSA (Fig. 2) the pathogen than when treatment was pulsed every 5 or 10 minutes, respectively. It is possible that the shorter pulsing at the 2-minute interval did not allow enough time for reformation of any bacterial membrane dysfunction or metabolic activity due to the HPP-pulsing treatment, which led to the total inactivation of Salmonella within 11.4 minutes total treatment. The results of this study are in support of an earlier study that suggests use of HPP pulse treatment to achieve total inactivation of Salmonella in liquid egg (Ponce et al., 1999) . In addition, when the treated liquid eggs were stored at 4 C, 25C, and 37-C for 24 hours, no Salmonella was detected in the samples (data not shown). Unlike the tomato juice studies where the juice acidity helped in killing the injured cells (Bari et al., 2007) , the enzymes associated with the liquid egg may have contributed to the killing of the injured cells during storage of HPP-treated liquid egg.
Conclusions
The results of this study clearly showed that complete inactivation of Salmonella Enteritidis in liquid egg is dependent on the amount of pressure and the type of pressure (pulsing), temperature, and treatment time used during processing treatment. However, future work should be directed to optimizing the pressure pulsing in combination with other parameters such as the nutrient content of liquid food to ascertain the efficacy of this processing intervention.
